Dendrochronological studies demonstrate a highly dynamic settlement system in prehistoric wetland sites in the northern Alpine forelands. In this article, we apply an agent-based simulation model of the human-environment system to better understand possible causes of these dynamics. Therefore, we formulate a generic quantitative model of land use and calorie supply in Neolithic wetland sites ca. 4300-3700 bc. Archaeological, geographical and palaeoenvironmental data together with information from an agronomic crop yield model (MONICA) are used in an agent-based simulation of Neolithic land use (WELASSIMO model). We fit the generic model to specific conditions at six archaeological sites and their surrounding environments, using local data. In our simulations, annual crop yields fluctuate markedly around a long term mean which starts to decrease after a few years of crop production. Crop plants supply 60-90% of the annual calorie demand. As sources of readily available non-crop calories are needed to compensate potential low crop yields, we argue that Corylus avellana (hazelnuts) were especially important to provide these extra calories; the simulated importance of non-crop calories is 10-40%. Records of human-induced fires are interpreted as being indicative of a strategy to generally open up the woodland canopy and promote the growth of light-demanding hazel. The extent of the different land use methods is quantified and visualized in tiles of 8 km 2 around the six study sites. The specific vegetation cover, the importance of hunting and the number of livestock animals have a major effect on the total area required.
Introduction
Agent-based modelling (ABM) is a computerized method that is particularly well suited to explore how the characteristics of a system arise from the behaviour of its parts (Lake 2015) , by simulating the interaction of "agents" through prescribed rules. These agents are theoretical households and livestock units (LUs), as further explained below. The method has been increasingly applied in a wide range of disciplines from the late 1990s onward (An 2012, Fig. 2) . From a geographical viewpoint, ABM has been described as a "virtual landscape lab for conducting numerical experiments" (Seppelt et al. 2009 ). This definition highlights important aspects: the method is like a laboratory where experiments are conducted, which allows for reproducibility and so provides an opportunity for a new way of dealing with archaeological questions; the lab is virtual, therefore parameters can be varied at will, and it is much cheaper than real-life projects such as archaeological cropping experiments (Louwagie and Langohr 2005) ; the method is numerical, which allows for (and requires) a clear and transparent presentation of the underlying assumptions; the ability to target landscapes highlights the scalability of the method from micro to macro.
These properties make ABM a valuable tool for the interpretation of the fragmentary archaeological or palaeoenvironmental record and may help to establish a better understanding of the past. Since the publication of the now famous "long-house model" (Dean et al. 2000; Axtell et al. 2002) , a growing number of publications provide evidence of an increasing interest in ABM among archaeologists (Lake 2015; Wurzer et al. 2015) . Although the method is often seen as very complex and is confronted with scepticism, there is a consensus among practitioners that "revolutionary advances can be obtained in the overall archaeological research paradigm", as stated by Cegielski and Rogers (2016) . They identify six main themes that are addressed when using ABM in archaeological publications, comprising studies of social complexity (for example del Castillo et al. 2014; Altaweel 2015) , studies addressing the formation of the archaeological record (Crema 2014; Premo 2014) , evolutionary processes (Perreault and Brantingham 2011) , as well as questions of human ecology and the history of interactions between humans and their environment (Wu et al. 2011; Balbo et al. 2014) . Especially when they are used together with geographical information systems (GIS), these studies are a powerful tool that may provide a systemic understanding of how Neolithic societies interacted with their surrounding landscapes (Barton et al. 2012; Kohler et al. 2012) . Recently, it has been stated that simulation models of past human-environment interactions in general are an important element in ongoing palaeoenvironmental and palaeoclimatic research to better understand the potential interrelations of prehistoric land use and climate change (Gaillard et al. 2018; Harrison et al. 2018) .
Many archaeological modellers are facing the problem that the required data to set up a comprehensive model is scarce or at least fragmentary. For this reason, wetland sites offer great opportunities for modelling prehistoric human-environment systems and land use because in comparison to most dry land sites, organic remains are usually extremely well preserved there. Numerous remains from lake shore and peat bog settlements in six countries bordering the European Alps have been researched. Many of these have been studied by multi-proxy research especially in the northwestern Alpine forelands, using a wide range of analytical methods (Menotti 2004; Menotti and O'Sullivan 2013) . In many projects, a high level of interdisciplinary collaboration has been achieved (Jacomet et al. 2004; Mainberger et al. 2015; Hafner et al. 2016a; Bleicher and Harb 2017) . Many of these studies combine on-site research that provides highly detailed and mostly site-specific information on plant and animal foodstuffs (Jacomet 2009; Antolín et al. 2016; Kerdy et al. 2019) , methods of crop production (Styring et al. 2016) , consumption patterns and calorie provision (Gross et al. 1990; Ebersbach 2002 Ebersbach , 2003 , and timber and woodland management (Bleicher 2009; Billamboz 2014) . To this is added off-site palaeoecological research that provides valuable evidence on regional patterns, trends and persistence of land use and its linkage to climate change (for example, Tinner et al. 2003; Rösch and Lechterbeck 2016; Hafner and Schwörer 2018; Rey et al. 2019) . Further studies seek to disentangle causes and effects of land use, disturbance and climate on vegetation dynamics and/or the fire regime (such as Heiri et al. 2006; Colombaroli et al. 2010; Henne et al. 2013; Schwörer et al. 2014) . GISs based models (Ebersbach 2003; Baum 2014 ) addressing theoretical carrying capacity and agent-based models, for example on the socio-ecological implications of different crop husbandry methods (Baum et al. 2016 ) still play a minor role in prehistoric wetland research.
One remarkable feature of most thoroughly studied prehistoric wetland sites around the Alps is that they show a very dynamic settlement system (Ebersbach 2010b; Bleicher 2017 . As shown by dendrochronological dating, settlements were rather short-lived and were seldom inhabited for more than 20 years, and in many cases for only 5-15 years (Bleicher 2009; Ebersbach 2010a; Stapfer et al. 2019) . These dynamic properties can be observed for wetland sites throughout a period of more than 1,000 years (Ebersbach 2010a, Abb. 97) . Various reasons for this remarkably persistent pattern have been discussed. In some cases, short-term lake level fluctuations may have played a role in the relocation of a site (Haas and Magny 2004, p. 49 ). Catastrophic fire events may also have caused the abandonment and move of whole settlements (Dieckmann et al. 2001) . A more comprehensive explanation is offered by Billamboz (2014) , who used a dendrotypology approach to detect land over-use and woodland degradation as possible factors for settlement relocation and considers the interrelation of building activities and oak coppicing an especially crucial factor. Bleicher (2009, p. 143 ) also elaborates on the important role of the economic activities of the people in their woodland environment, yet states that it is nearly impossible to unambiguously correlate tree ring patterns to specific ways of using land. Baum et al. (2016) have designed an ABM (agent-based model) to explore the variability of prehistoric crop yields and the implications of different crop husbandry methods. Their results show that the depletion of soil nutrients due to crop cultivation might possibly have played a role, too-an interpretation that has an ethnological analogy. A description of a Huron settlement in south Ontario, Canada, mentions that "the fact the Indians abandoned their sites after 10-12, sometimes 20 years (…) was due to the depletion of soil nutrients on the one hand, and much reduced firewood supply near the sites on the other hand" (Schott 1936, p. 47 ). Ebersbach (2010a) formulates a more sociologically informed model and assumes that the discussed society had mobile and dynamic patterns on various levels, which are seen for example in the short settlement durations mentioned above. In this article, we want to better understand the system of interactions of humans with the environment at wetland sites in general, and more specifically to study possible interrelations of this system with the observed settlement dynamics, addressing the following questions:
(1) What were the general characteristics of calorie provision? Can any factor related to the calorie supply explain the observed settlement dynamics? (2) What area was required for the land use methods at the wetland sites, and could a scarcity of land have been a reason for relocating the settlements after around 10-15 years? (3) Could a shortage of timber or firewood close to the sites explain the observed dynamics?
We believe that a quantitative and dynamic agent-based model to simulate the land-use methods and the socio-economic system of the settlements and their reciprocal feedbacks with the environment offers great opportunities. To address these questions, we used the WELASSIMO modelling framework to develop a generic model of Neolithic land use in some northern pre-Alpine wetland sites (Baum 2016a (Baum , b, 2017 Baum et al. 2016) . In a second step, this generic model is modified using local data to simulate land use at six sites located in Switzerland, Germany and Austria and dating to ca. 4300-3670 cal bc (Fig. 1) .
This work is presented within the framework of the International BELAVI Project Hafner et al. 2016a Hafner et al. , 2019 Mainberger et al. 2019a, b) . The idea of this inter-and multidisciplinary archaeological and palaeoenvironmental project was to look beyond the better-known sites on large lakes and focus on smaller lakes in order to better understand the human-environmental system. The choice of sites reflects this, as three of the chosen locations (2, 5 and 6) were studied for the BELAVI Project. The other sites were chosen because the research was very interdisciplinary (3 and 4) and/or there was a long lasting tradition of research (1 and 3).
Materials and methods
We modified and enlarged the existing spatially explicit crop husbandry simulation model WELASSIMO_crops (Baum et al. 2016) , which uses the MONICA crop yield simulation model (Nendel et al. 2011) to estimate possible Neolithic yields (Fig. 2) . To do this we created the spatially defined, agent-based simulation model WELASSIMO_area (ESM 1). A generic model of Neolithic land use at the pre-Alpine wetland sites was defined, which was based on a review of the literature. In a second step, we fitted the generic model to local conditions at six Neolithic sites in the northern Alpine foreland using published data and recent results from the BELAVI Project (Table 1) . Both WELASSIMO_crops and WELASSIMO_area use the modelling platform NETLOGO (Wilensky 1999; Wilensky and Rand 2015) and have a temporal resolution of 1 year and a spatial resolution of 25 m.
In WELASSIMO_area, a digital flat landscape representation is designed that consists of cells with an area of 25 × 25 m each. The cells have a set of partly variable attributes which describe either environmental parameters such as soil type or an economic value for land use activities, such as availability of timber (ESM 2, Table 1 ). The economic value of the cells depends on their environmental attributes and the effect of the simulated land use processes. This landscape representation serves as the background for the simulation of land use activities of digital "agents" representing Neolithic Fig. 1 Overview of the study area. Sites 1, Sutz-Lattrigen, Hafen (CH); 2, Burgäschisee-Süd/Südwest (CH); 3, Zürich AKAD Layer 7/8 (CH); 4, Degersee 1A (D); 5, Leutkirch-Wilhelmshöhe (D); 6, Weyregg, upper layer (A). Sites 2, 4, 5 and 6 were studied for the BELAVI Project settlements. Two different agent types "model households" (MH) and "livestock units" (LU) are programmed (Fig. 3) . The MHs use the economic value of the cells in order to meet their defined annual calorie demand (ACD) and the requirements for timber and firewood, while the LUs use the cells to cover their defined spatial requirements for woodland pasture. The simulated human activities are crop cultivation, gathering, hunting, fishing, livestock husbandry, obtaining timber and collecting firewood. Further processes are simulated using simple sub-models such as the succession of woodland development phases and woodland openings created by humans, as well as soil nutrient depletion due to crop cultivation. A detailed description of the processes is given in ESM 2.
The generic model of Neolithic land use in the Alpine foreland, ca. 4300-3700 bc
The land use model is based upon data from publications and from the BELAVI Project, as given in Table 1 . Recent studies confirm that mixed beech (-fir) woods had replaced the previously dominant woods of mixed elm-lime-maple-oak by around 4000 bc (Lang 1994; Kleinmann et al. 2015; Rey et al. 2017 Rey et al. , 2019 . These woodlands and their inherent dynamics were the natural environment of the Neolithic wetland settlements, while more open vegetation types were sparse and restricted to high altitudes or semi-wetland landscapes (Kalis et al. 2003) . Natural mixed Fagus (Abies) woods have specific properties for the human economy, so due to reduced solar radiation influx from the tree canopy, the plant net primary production in the herb and shrub layers beneath is much lower than in more open vegetation types (Ellenberg and Leuschner 2010, p. 88 Modern analogies are used to quantify the ACD of the MHs shown in Table 2 (FAO 2008) . Calorie provision at the sites was based on a broad mixture of farming, hunting and gathering activities (Gross et al. 1990; Jacomet et al. 2004; Antolín et al. 2016; Kerdy et al. 2019) . No evidence of largescale trade of foodstuffs or storage facilities for more than 1 year has been found. Instead, food was produced or obtained locally. The relative importance of the individual foodstuffs certainly varied according to date and region, and probably also within settlements (Doppler et al. 2013) . Nonetheless, an idealized or "average" economic system can be described. Cereals (Triticum durum/turgidum, T. dicoccum, T. monococcum, Hordeum vulgare) , Papaver somniferum (poppy), Linum usitatissimum (flax, linseed) and Pisum sativum (peas) were grown (Maier 2004 (Maier , 2015 Jacomet 2006 Jacomet , 2007 Jacomet , 2014 Antolín et al. 2017) . In WELASSIMO_area, all cultivated plants are treated as cereals to keep the model simple, even though it is clear that oil plants have a different calorie content than cereals. This simplicity has the advantage of a higher level of transparency; if all calorie sources are considered, it would make the interpretation of the model results very difficult. However it is clear that some information is lost from the model this way.
Two different crop husbandry systems have been proposed: permanent cultivation (PC) and shifting cultivation (SC). For PC it is assumed that once the land had been cleared, fields were cultivated with a rather high work input in a more or less intensive manner for up to a few decades (Maier 1999; Bogaard 2004; Jacomet et al. 2016) . For SC, a cycle of felling young trees, burning the brushwood, growing crops for a maximum of 1-3 years and moving to another area is proposed (Ehrmann et al. 2014; Rösch et al. 2014) . From archaeobotanical studies, it is evident that the stored crops found at wetland sites were produced by PC (Bogaard 2004; Jacomet et al. 2016) .
As varying yields from crops were normal, strategies were needed to obtain other sources of calories to "fill the gap", from wild plants. Corylus avellana (hazelnuts), Quercus spp. (acorns), Malus sylvestris (crab apples), P. spinosa (sloes), Chenopodium album (goosefoot) and many other wild plants were gathered (Jacomet 2006 (Jacomet , 2009 Antolín et al. 2016) . The most important foodstuff in this context was probably hazelnuts, because they are extremely rich in calories (Brufau et al. 2006 ), easy to gather and store and, as shown by (2002) and Schibler and Jacomet (2010) (3) Ebersbach (2003) and Gross et al. (1990) Crops Clark et al. (1989) , Kalis et al. (2003) , Magny (2003) , Maise (1998) , Mauri et al. (2015) and Rösch and Lechterbeck (2016) (2) Rey et al. (2017 Rey et al. ( , 2019 ; (4) Kleinmann et al. (2015) pollen analyses, readily available (Rösch and Lechterbeck 2016; Rey et al. 2019 
Quantifying consumption habits, wood requirements and resources provided by the environment
The following assumptions are made: (1) the total crop field size per MH was such that the workload was manageable for that household;
(2) production of a surplus was not intended;
(3) the aim of 90% calories from crop plants (CPC share) and 10% non crop calories (NCC share) as a minimum is more probable than the aim of 100% calories from crop plants, even if the latter was theoretically possible when there were good yields. Fields of 1-1.5 ha with PC or of 0.5 ha with SC represent an easily manageable workload for one MH and allow for a mean yield to supply the inhabitants with around 75% of the crop plant calories that would be needed (Baum et al. 2016 ). Due to the annual variability in the weather (Fig. 4) , the crop plant calories would make up 60-90% of the ACD in 68% of years (Table 3) . The NCC (non crop) share from hunting (H), gathering (G), fishing (F) and meat/milk from LUs covers [10% + [90% − CPC share]] of the ACD. Due to the statistical distribution of crop yield values, an NCC share of 10-40% with a mean of 25% is needed in 68% of the years. The proportion of the individual NCC foodstuffs within H/G/F/LU of 10:60:10:20 is an assumption. It means that on average, 15% of the ACD of one MH is provided by gathered calories, 5% comes from meat and milk from livestock and 2.5% each from hunting and fishing.
A timber supply was needed for building houses for living in as well as for communal buildings. The annual timber demand for one MH was calculated using house building models and reconstructions based on the archaeological finds (ESM 2, Table 2 ). In the generic model, an annual mean timber demand of 1.5 m 3 per MH is assumed. The assumed amount of timber that can be obtained per hectare is highly dependent on the woodland structure; see ESM 2, Table 3 for data. In WELASSIMO_area, 1 ha allows for the supply of a volume of timber sufficient to build 1-14 houses every 15-40 years. A quantification of firewood consumption based on the archaeological record (Dufraisse 2005 (Dufraisse , 2008 is problematic and is more easily obtained by using ethnological analogies. For this study, the value of 6 m 3 firewood per MH and year (13 kg per MH and day) is used after comparing data from various sources (ESM 2, Table 4 ). We assume that collecting as much as 0.7-2 m 3 firewood per hectare is feasible every year, since the use only of dry dead wood is assumed (ESM 2, Table 5 ).
In WELASSIMO, the different domestic animal taxa in the wetland settlements are estimated as LUs equalling one head of cattle. The system of livestock husbandry has been described in detail before (Ebersbach 2002) . The animals probably browsed for fodder nearby the settlements, while the possibility of seasonal movement (transhumance) for some of the herds cannot be ruled out completely (Deschler-Erb and Marti-Grädel 2004, p. 251). Fodder availability was limited by snow and the vegetation growing season, but the livestock probably browsed the vegetation for fodder even in winter and as early as possible in spring (Kühn and Hadorn 2004, p. 345; Wick 2015, p. 339) . According to Ebersbach (2002, p. 35) and Adams (1975) , one LU requires 1.4 ha of grassland pasture or up to 12 ha of woodland pasture in temperate natural woodland (ESM 2, Table 6 ).
A quantification of the economic value and the resource availability in different landscape types is the key to the simulation of land use and land demand by the inhabitants of the wetland settlement sites with WELASSIMO_area. However the evaluation is not straightforward and necessarily uses assumptions. The values used in WELASSIMO_area are given in ESM 2, Table 6 .
Fitting the generic model to local conditions at six sites
The sites, their dating and basic geographical features are listed in Table 4 (1-6, from west to east). Figure 5 shows the sites and their surrounding physical landscapes, in tiles of 8 km 2 .
The cell attributes have been adapted using local geographical data. Soil conditions vary due to topographic and geological factors within each area and between them. The most productive soils at each site were determined using national data (Pazeller 2000; Fleck and Fritz 2010; Land Salzburg 2018) , but no attempt was made to compare the quality of the arable soils across borders, nor to consider soil quality in the past. Instead, modern soils well suited to agriculture on slopes below 25° have been defined as also suitable for Neolithic agriculture (this involves an assumption made for heuristic purposes; we are aware that the real-world situation must be more complex in terms of changes in soil quality through time). To consider different hypotheses on landscape development at the different sites, four landscape scenarios are set up (LS1-4) that integrate possible different states of vegetation cover and crop husbandry systems (Table 5) . Each LS has a specific composition of landscape types with particular resource capacities calculated from ESM 2, Table 5 . The different proportions of landscape types are assumptions; they are thought to result from a different duration, intensity and type of land use.
In the following, a summary of the relevant archaeological information available at the sites is given.
Site 1 Sutz-Lattrigen, Hafen (CH) (3827-3817 bc) lies on Bielersee (Hafner et al. 2016b; Stapfer et al. 2019) . Two houses with dimensions of ca. 8.8 × 3.6 m can be fully reconstructed there, while a total number of 10-12 houses are probable. Kerdy et al. (2019) describe a high importance of cattle and pigs with a proportion of domestic vs. wild animal bones of nearly 80:20. Dendrochronological analyses show that at least one earlier settlement existed nearby, and that rather old oak trees were split and used as piles to support the houses (Stapfer et al. 2019 ). This might be interpreted as a landscape that was shaped by human land use for at least several decades and possessed a certain degree of openness. Accordingly, scenario LS3 is used for this site.
Site 2 Burgäschisee-Süd/Südwest (CH) (ca. 3750 cal bc) lies on the small Burgäschisee (Wey 2012) . This lake and the Neolithic settlements along the shore were intensively studied in the BELAVI Project (Rey et al. 2017; Hafner et al. 2019 ). According to analyses by Boessneck et al. (1963) , hunted animals were of much greater importance than livestock (see also Kerdy et al. 2019) . For this landscape LS2 applies, as there were earlier settlements and pollen analysis shows evidence of land use from 4900-4800 cal bc onwards. However, this signal from pollen probably represents a much wider area than local pollen from individual trees discussed for the site of Sutz-Lattrigen, Hafen; a direct comparison of this information is therefore not applicable.
Site 3 Zürich-AKAD/Pressehaus Layer 7/8 (CH) (3709-3681 bc) is located at Zürich-Seefeld on the northeastern shore of Zürichsee (Baum et al. 2019, Fig. 381) . A total number of 16 houses of ca. 12 × 4 m are probable according to the combined archaeological evidence (Baum et al. 2019, Figs. 385, 399) . The dendrochronologically determined occupation of 28 years was most probably interrupted by short breaks of several years (Bleicher and Walder 2019, p. 191) . Nonetheless, the full duration plus 2.3 years is used here to show the consequences of long settlement duration. With a proportion of domestic vs. wild animals of 80:20, the latter had a very low importance at this site (Schibler et al. 1997, p. 53) . LS3 is assumed, because there was plenty of evidence for human land use at the Zürich-Seefeld site (Bleicher and Walder 2019, Fig. 310 ).
Site 4 the small lake site of Degersee 1A (D) (ca. 3980 cal bc) was important in the BELAVI Project. From comparison with contemporary sites in southwest Germany, house dimensions of ca. 6-8 × 3.5 m 2 can be assumed (Strobel 2000, p. 280 ). There were probably 5-15 houses, according to the area with wooden piles. Remains of wild plants indicate a significant role of food gathering (Maier 2015) . With a proportion of 90:10, wild animal remains are far more important than domestic animals (Stephan 2015) . The beech woodland was disturbed by human activities from 4670 cal bc onwards which were the beginning of repeated cycles of secondary woodland development (Kleinmann et al. 2015) . Million and Billamboz (2015) provide evidence from tree rings for at least 50-80 years of land use preceding the site of Degersee 1A. LS 2 is used for this site.
Site 5 the site of Leutkirch-Wilhelmshöhe (D) was discovered in the course of the BELAVI Project. It is located on a hilltop at 703 m, which is 250-300 m higher than the other sites discussed here. As it is not a wetland site only relatively sparse information is available, so neither house nor settlement size can be reconstructed from the data. Pottery suggests sites of the Schulterbandgruppen as possible analogies (Mainberger et al. 2019a ); 15-22 houses of 4-5 × 7-10 m may thus be assumed (Zeeb 1996) . Although no indication of SC was found in Leutkirch-Wilhelmshöhe or any other similar site, this is assumed in the simulation for comparison. No information on animal economy or on the vegetation cover is available for this site. We assume that fish was not an important element of the diet because there was no suitable habitat nearby, except possibly in rivers. Since SC is assumed, LS4 applies.
Site 6 the lakeside site of Weyregg II (A) (lower layer, ca. 3750 cal bc) lies on Attersee. The analysis of the piles did not so far yield any building structures or precise dating (Pohl 2019). The extent of the cultural layer suggests that there were 10-30 houses. The size of the houses is unknown, so an analogy from another site of the Mondsee culture was used for an estimate (Maurer 2014, p. 166) . Large amounts of wild apple and hazelnut remains highlight the importance of gathering and suggest that people may have encouraged these plants. As Maurer (2014, p. 173 ) states, animal husbandry was probably not very advanced during the time of the Mondsee culture, but both hunting and fishing were relatively important. We assume LS1 for this site.
This site-specific information is used to adapt the generic model to local conditions at the various sites. The resulting local models are given in Table 6 . The amount and quality of the available information varies between the sites and between different aspects of Neolithic land use. Occupation of the site is the time span provided by dendrochronological analyses, if this is available (sites 1 and 3), plus 2 years, as houses were used on average 2.3 years longer than the date of the last repair (Ebersbach 2010b). Otherwise, values from the general model are used. The timber demand is calculated from the reconstructed or assumed house dimensions. Permanent cultivation is suggested for all sites except 5, where SC is assumed, although this is not supported by any data and is merely done to show the implications of SC. Manuring is assumed for sites 1 and 3, where higher livestock numbers are probable. Apart from theoretical calculations, no local data or indication was found for the probable ratio of crop plant to non-crop calories. Values in these categories are therefore identical in the generic model and all fitted models. The proportion of calories obtained from hunting, gathering, fishing and meat/milk from livestock (H/G/F/ LU) is assumed using on-site data, mostly from bones. These are available from all sites except 5 and 6; here, the generic model applies. We do not apply archaeobotanical data for direct quantification, since for taphonomic reasons, archaeozoological remains provide a much more complete and reliable record of their relative importance (Schibler and Jacomet 2010, p. 175) . Quantitative studies on the importance of gathered and produced plant foodstuffs are an exception ). 
Results

Calorie supply and extent of land use around the sites
In Fig. 6 , panels 1-6A, the composition of the calorie supply at the six sites presented in Table 4 is simulated. For this, the fitted local models as described in Table 6 are applied.
In all panels, the coloured bars indicate the variable proportion of the calorie sources. The driving force of the variability is the fluctuation of crop plant calories (CPC; yellow bars) due to changing weather conditions as shown in Fig. 4 ; the annual sum of calories from hunting/gathering/fishing/livestock units (H/G/F/LU; red/pink/blue/ green bars in the panels A) is dependent on the crop plant (CPC) share. We assume field sizes per model household of 0.5 for SC, 1 ha for PC with manuring, or 1.25 ha for PC without the use of manure. Thus, using a synthetic weather dataset based on the period 1980-2010 for Bodensee (METEOSWISS; Baum et al. 2016 ), a simulated CPC proportion of 60-80% is frequently achieved. Higher values of 90% and very low values of 20% occur as well. A trend of yield decrease due to soil nutrient loss after only 10-15 years is visible in all sites but 5. There, neither nutrient loss nor long-term yield decline occur due to the annual moving of the fields.
Gathering (pink bars) provides the bulk of calories that are needed to buffer low crop yields. In some years, the amount of gathered calories is even greater than the CPC share (for example, year 3 at site 1).
Sites with large numbers of domestic animal remains such as sites 1 and 3 have a higher proportion of calories from meat and milk (LU) and a relatively lesser share of hunted calories, while at sites 2 and 4 this is reversed. These amounts reflect assumptions based on relative proportions, not the absolute quantities of the bone assemblages at the named sites. Fishing (blue bars) provides calories at all sites except for 5, because here there is no lake nearby.
The simulated space requirements for the most important land use activities at each site are also based on the fitted local models (Fig. 6, panels B1-6 ). In Table 7 , the max/min and the mean of these values are given on a per capita basis. In our simulations, low crop yields never result in a shortage of the total amount of available calories, which adds up to 100% in every year, as can be seen in Fig. 6 , panels A1-6. Instead, the use of other calorie sources increases, which results either in a larger area being used for hunting, gathering and fishing, or an increased slaughtering rate of domestic animals.
A very large area is needed to acquire the hunted calorie share of the ACD in all sites, as can also be seen in the Table 6 The generic model of Neolithic land use (site 0) and the fitted models for the sites 1-6
Values marked with an asterisk (*) are taken directly or at least inferred from the local archaeological/palaeoenvironmental record. Values without an asterisk are based on the general model or contemporary analogues. Shifting cultivation (SC) is assumed for site 5 in order to simulate the implications of this method, not due to local data (75) 10-50 (25) 15/60/15/10* snapshot of year 10 of each simulation shown in Fig. 7 . It reaches a maximum of 50 km 2 in years with poor yields at sites where hunting was important (Fig. 6, panel B2) . The area necessary to obtain the calories from gathered plants is usually 0.5-1.5 km 2 and can be up to 4.5 km 2 . Fishing requires typically 0.5-2 km 2 /year with maximum values of 4 km 2 at sites on the shores of oligotrophic larger lakes with a relatively high number of fish (Fig. 6, panel B6) .
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The area for livestock husbandry (green) depends upon the number of animals assumed and the degree of openness in the applied landscape scenario. Extended areas are required especially at sites with more animals (sites 1 and 3) or denser woodland cover (site 6). The curve shows a downward trend in all cases, as in WELAS-SIMO it is assumed that small-scale browsing in woodland has a constant positive effect on the availability of leaf fodder due to increased radiation influx. In site 5 this effect is especially strong, as new open areas with high solar radiation influx are produced every year by abandoned fields from SC. The area indicated by the grey Fig. 6 Simulation of the annual food composition (A, on left) and the annual maximum areas needed for use of resources (B, on right) according to the fitted models ( Table 5 ). The proportions are; crop plant calorie (CPC) share, 20-90%; gathered share, 6-45%; hunted share, 1-15%; fished share, 0-12%; meat/milk from livestock, 1-20%. Note that in panel B, the values for fishing and crop production are increased by a factor of 10 (y axis to the right of panel B, and the values for hunting and livestock pasture are decreased by a factor of 10 (y axis to the right of panel B, italics) to improve visibility Table 7 Simulated area in ha needed for land use using permanent cultivation (PC) and shifting cultivation (SC), calculated on a per capita basis The column "LU pasture" indicates the spatial requirements for one livestock unit. No mean is given for the column with crop fields (SC), as every year the fields are moved. The maximum value in this column gives the land demand per person, for an occupation duration of 20 years line, for collecting firewood, increases slowly due to the assumption of resource degradation caused by continuous gathering. The area for obtaining timber shown by the black line increases slightly for all sites but 5 due to the need for wood for repairs to the houses, and the decreased regrowth of trees due to browsing by livestock. The total area needed for obtaining timber at sites with a shorter occupation duration of up to 13 years is 15-30 ha and up to 84 ha for the site of Zürich-AKAD/Pressehaus Layer 7/8, which was occupied for 30 years (Table 6) . At site 5, the process of burning to clear land for fields requires a large amount of wood of small diameters (Ehrmann et al. 2014) , which is also needed for the construction of buildings. The area for the annually cropped fields does not change with time. The total area for crop production depends on the crop husbandry system. At sites 1, 2, 4 and 6 with PC it equals the sum of field sizes needed for each household, which means an overall area of 10-20 ha. In site 3 this area is doubled, as fallows of 1 year are assumed. At site 5, the annual area of 4 km 2 results from the suggestion of SC and the high demand for firewood, which requires four times the area of the actual field. As fields are moved each year, the total affected area is very large.
Discussion
In the following, we interpret simulation results from the WELASSIMO model in order to identify a possible interdependence of land use methods and the described settlement dynamics. It is important to note that the intention of these simulations is not to (re-)construct a historical "reality", but to offer a method to explore existing data and build or test hypotheses. Therefore, the quantifications discussed here should be regarded as an approximation to Neolithic conditions under the assumptions which have been described. 
Interdependence of crop production and settlement dynamics
Crop production using SC or PC, as discussed in the "Materials and methods" section, might be discussed as a motivation for settlement relocation. Under SC, one might speculate that this would create or require a dynamic settlement system due to the great demand for land. However, the typical duration of occupation of 5-15 years speaks against this: an area that has been burned and used for growing crops for 1 or 2 years, and then left fallow for 10-15 years, would make an ideal spot for repeating the cycle, which is typical for SC. An area covered with vegetation in an early stage of succession is much easier to prepare for the burning process than more mature stands. So it is probable that this shifting type of crop cultivation would lessen the need to move the settlement location. However, crop cultivation with PC might need some field relocation. If animal dung was not used and soil fertility was not maintained in any other way, such as a mixed cultivation with pulses, or fallows, crop yields on a typical soil of the Swiss Alpine foreland are shown to decrease to around 50-60% of the initial yields after 10-15 years ( Fig. 4 ; Baum et al. 2016) . Even on fields which are manured with 10 tonnes of animal dung per hectare each year, simulated average yields decrease to 80% of the initial amount after ten years, in our simulations. These numbers are in contrast to results obtained from long-term cropping experiments at Rothamsted, UK (Poulton 2006) . However, these crops were grown on fields which had a long term agricultural legacy with soil organic matter being close to steady state conditions, while in our simulations, we assumed a woodland soil freshly cleared for cultivation, which might better reflect prehistoric conditions. If this decrease in yield was as common as suggested by our simulations, it must have been standard agronomic knowledge of great importance for the Neolithic people. If enough areas with good soils were available, a mere opening of new fields and the use of fallow years might have been suitable to compensate for this reduction. At sites 1-5, an increase of crop field size would avoid the need to move the settlement, because either the area with high quality soil in the vicinity is sufficient (sites 1-4) or the simulated crop husbandry method allows for the use of medium quality soil (site 5). In areas with only a little high quality arable soil as in site 6, the soil nutrient loss alone may have justified moving the settlement after a few years, if no intensive manuring or other means to maintain fertility was practised. Crop growing may therefore have played a role in the motivation to move a settlement. On the other hand, Styring et al. (2016) analyzed crop nitrogen isotope values from stored crops at the site of Sipplingen. They argue that the well-known abandonment of the settlement after 3600 bc (Billamboz et al. 2010) was as a result of problems with calorie provision due to climatic deterioration, rather than from soil degradation.
The significance of non-crop calorie provision for the observed settlement dynamics
In our simulations, the annual fluctuation of crop yields causes variability of the non-crop (NCC) share. This dependence cannot be proved by archaeological data, as the record is highly incomplete, even with the relatively good preservation conditions of the prehistoric wetland sites. However, it is a reasonable hypothesis, since cultivated crops are a rather inflexible source of calories. They require high labour input to prepare the soil, thorough planning, and they cannot be increased in the course of the year. NCC calorie sources are in comparison more flexible.
As an example, we highlight the case simulated in Fig. 6 , panel A2 where a pronounced reduction of crop yields (CPC) from 89 to 25% in years 6 and 7 is met by an increased share from all other calorie sources. The percentage of gathered calories rises from 7 to 45%, which in the model means an increased area of woodland needed with moderately frequent thickets of hazel bushes, from 2.3 to 13 ha per MH. In terms of workforce, this increase would require three extra people collecting hazelnuts for a period of 10 days. This is theoretically possible, if there was enough hazel in the woodland (calculations based on Holst 2010). These calculations are made as an example, as gathered calories come from a multitude of other plants, too. However, it shows that hazel probably was of great importance for the calorie supply, especially as it could easily spread into areas cleared by fire. There is an archaeological case in which hazelnuts were used to overcome calorie shortages after a catastrophic fire at the site of Hornstaad-Hörnle 1A . For fishing and hunting, an increase from 1 to 8% and from 0.5 to 4% respectively is simulated in the discussed example. As these resources were most probably not normally limited by human factors in prehistoric times, more use of them could easily have been achieved with more people and by using a larger area. However, Schibler and Jacomet (2010) discuss a decrease in some animals, especially Cervus elaphus (red deer), that is possibly related to climatically caused shortages of crop calories.
LU calorie provision might not have been as easily increased. In the example used above, the loss in crop calories was met by an increase in LU calories from 3 to 18%. The lower value could have been met by consuming the meat of one pig and two goats or sheep per MH, while the higher value required the slaughtering of one cow, four pigs and five goats or sheep per MH (calculation based on Deschler-Erb and Marti-Grädel 2004, p. 239) . For herd sizes as reconstructed by Ebersbach (2013) , such losses would be a serious threat to the size of the herds needed to maintain their stock in many cases, or might even exceed the total number of animals kept.
Based on our simulation, we cannot deduce a need for settlement relocation from the methods of non-crop calorie provision; instead, a more open woodland rich in hazel bushes might even avoid the need to move the settlement a long way, as it could serve as an important buffer against crop calorie shortages, provide good browsing areas for LU and attract game.
The interpretation of fire signals
In our view, SC is less likely than PC as the standard crop husbandry method (Baum et al. 2016; Jacomet et al. 2016) . From an economic perspective, SC makes sense if good soils are not available, which is not generally the case for the environments of the wetland sites (Müller et al. 2007) . Although an increase in clearance of woodland by burning beginning around 4500-4000 bc is well recorded in many pollen profiles (Clark et al. 1989; Tinner et al. 2005; Rösch et al. 2014; Rey et al. 2017) , there is no indication that the purpose of these fires was for SC of crops. Instead, we support the interpretation that fires were used to open the woodland cover for farming and hunting activities through a "slash-and-burn" practice, which is different from SC (Clark et al. 1989; Tinner et al. 2005) . This practice would increase solar radiation input and so increase the growth of the shrub and herb layers, thus raising the economic value of woodland pasture for both wild and domesticated animals. A further goal of opening up the wooded landscape was possibly to encourage the growth of hazel by fire. Taken together, these hypotheses explain the patterns observed in off-site pollen and charcoal studies, without contradicting the on-site archaeobotanical evidence from macroremains, as is the case with the SC hypothesis ).
The significance of woodland pasture, obtaining timber and collecting firewood
Livestock browsed in the landscape for fodder and required a certain amount of leaf hay during winter. As the range of fodder available in different vegetation types is wide and the spatial requirements of one head of cattle relatively large (ESM 2, Table 6 ), the area for LU husbandry simulated in WELASSIMO is highly dependent on these factors. Furthermore, the topography plays an important role in calculating the required distances. At site 1, where the very high number of four LU and a rather open landscape (LS3) are assumed, the maximum distance from a settlement for LU pasture as shown in Fig. 7 is 2,500 m. At site 6, where one LU and a closed woodland canopy are assumed and the topography has steep areas, a maximum distance of 3,300 m is simulated. However, these numbers cannot be regarded as a problem for the prehistoric population, since they do not require a fundamentally larger work input for the herding of the cattle. As already stated by Schibler et al. (1997, p. 348) a much bigger task was probably to provide the leaf fodder for the winter months; the authors assume that a joint effort by all inhabitants of a settlement was required to obtain the required amount. While this is not simulated separately in WELASSIMO, it highlights the influence of relief and topography.
The simulation of firewood use and especially of timber extraction is implemented on a rather general level in WELASSIMO, as a detailed integration of the complex dynamics of woodland succession was beyond the scope of the project. According to analyses by Ebersbach (2010b, p. 42) , in WELASSIMO houses are completely rebuilt after 5 years. Therefore, the area needed to obtain the timber for this is constantly increasing in our simulations. The simulated spatial requirements translate into a distance of 500-800 m if the area for resource allocation was rather circular, as in sites 2 and 5. For settlements with more houses located beside large lakes such as sites 3 or 6, a minimum distance of 1,000-1,300 m is simulated. Again, these numbers are not meant to reflect a prehistoric reality, but only to provide a quantitative approach for an interpretation of the archaeological record. Local scarcity of timber resources has been suggested (Billamboz 2014; Bleicher and Burger 2015, p. 143) . The area of woodland needed for collecting firewood depends, among other factors, on whether only dead wood is collected, or if trees are also felled. Dufraisse (2008) interprets charcoal data from a wetland site as showing that firewood was probably collected while using daily walking paths, so in WELASSIMO this is the case, too. The simulated spatial demand translates into a distance of 1,000-1,800 m walking from the settlement that would be necessary to collect firewood; for site 6 only, the topography shows the need for a much larger distance of up to 3,000 m, since steep slopes are avoided.
From these results we believe that timber and firewood supply both played an important role in the observed settlement dynamics. It is much easier to repair or re-build a house that is close to suitable timber stands, instead of bringing the timber from up to 1,300 m away, as simulated above. The calculated daily demand of 13 kg firewood possibly played a role as well, since it needed to be carried back over distances of up to 3,000 m to obtain this amount.
Most probably, people were confronted with a trade-offsituation: the more a woodland canopy was opened up, the higher was the economic value for certain methods of land use such as gathering, hunting and animal husbandry. Yet as timber and firewood extraction continued and LU grazed an area for several years, the pressure on the woodland would have increased and led to a local degradation of its resources.
Opening up of the woods meant a net growth of the resource value of an area, yet continuing land use led to an increasing shortage of certain resources. Therefore it is highly probable that the socio-ecological systems of the wetland settlements were strongly influenced by ecological factors to a varying degree, and these might even have caused a relocation of the settlement.
The question why Neolithic communities built their settlements in flood-endangered zones on shallow lake shores and in peat bogs at all might point in a similar direction; the location of the wetland sites on the edge of various ecosystems offers the possibility to provide calories from fishing, fowling or collecting invertebrates from the lake without the need to rely on them. Regarding the high variability of crop yields (Fig. 4 ) and the need to be able to respond to calorie shortages, it is obvious that every additional source of calories increased resilience and was probably highly esteemed. So, we argue that living by a lake can generally be regarded as a strategy to reduce the risk of hunger or starvation.
Conclusions and perspectives
From our simulations of land use methods, we found that the total space requirements for land would have been directly related to the composition and the structure of the vegetation. The plant cover determines the quality and quantity of important resources. Large areas were needed, especially for hunting and animal husbandry. However, the influence of non-crop calorie provision most probably was not an important factor in the dynamics of the settlement. Instead, it may even be assumed that these land use methods may have caused an area to be used for as long as possible, since a more open landscape attracts game and encourages the growth of edible plants. We think that the local depletion of woodland resources for obtaining timber and firewood might be especially important in explaining the settlement dynamics discussed above. However, our simulations suggest that crop husbandry and soil nutrient dynamics may have been important, too. We think that two opposing factors may have influenced the dynamics of the wetland settlements. On the one hand, continuing land use including the use of fire opened up the vegetation cover and increased biodiversity, which increased its economic value for food production and feeding livestock. On the other hand, woodland resources and soil fertility would have gradually decreased. These environmental dynamics caused by humans might have been the reason for the settlement dynamics of the Neolithic wetland sites which we have described, with frequent settlement relocation after around 10-15 years.
The process of computer modelling and the analysis of the simulation results allow for an overall view of the otherwise isolated results of various disciplines. The formalization and identification of links between various sub-processes of the land use systems and of the landscapes around the sites allows for new perspectives on this intensively studied subject. However, a detailed simulation of woodland development was beyond the scope of this project. Therefore, we suggest that a more detailed simulation model of Neolithic land use and its effect on individual tree growth should be developed in the future.
